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ABSTRACT

The era of big data has witnessed an increasing availability of multiple data sources for statistical analyses.
We consider estimation of causal effects combining big main data with unmeasured confounders and
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smaller validation data with supplementary information on these confounders. Under the unconfounded-

ness assumption with completely observed confounders, the smaller validation data allow for constructing
consistent estimators for causal effects, but the big main data can only give error-prone estimators in
general. However, by leveraging the information in the big main data in a principled way, we can improve the
estimation efficiencies yet preserve the consistencies of the initial estimators based solely on the validation
data. Our framework applies to asymptotically normal estimators, including the commonly used regression
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imputation, weighting, and matching estimators, and does not require a correct specification of the model
relating the unmeasured confounders to the observed variables. We also propose appropriate bootstrap
procedures, which makes our method straightforward to implement using software routines for existing
estimators. Supplementary materials for this article are available online.

1. Introduction

Unmeasured confounding is an important and common prob-
lem in observational studies. Many methods have been pro-
posed to deal with unmeasured confounding in causal inference,
such as sensitivity analyses (e.g., Rosenbaum and Rubin 1983a),
instrumental variable approaches (e.g., Angrist, Imbens, and
Rubin 1996). However, sensitivity analyses cannot provide point
estimation, and valid instrumental variables are often difficult
to find in practice. We consider the setting where external
validation data provide additional information on unmeasured
confounders. To be more precise, the study includes a large main
dataset representing the population of interest with unmeasured
confounders and a smaller validation dataset with additional
information about these confounders.

Our framework covers two common types of studies. First,
we have a large main dataset, and then collect more information
on unmeasured confounders for a subset of units, for example,
using a two-phase sampling design (Neyman 1938; Cochran
2007; Wang et al. 2009). Second, we have a smaller but carefully
designed validation dataset with rich covariates, and then link it
to a larger main dataset with fewer covariates. The second type
of data is now ubiquitous. In the era of big data, extremely large
data have become available for research purposes, such as elec-
tronic health records, claims databases, disease data registries,
census data, and to name a few (e.g., Imbens and Lancaster
1994; Schneeweiss et al. 2005; Chatterjee et al. 2016). Although
these datasets might not contain full confounder information
that guarantees consistent causal effect estimation, they can be
useful to increase efficiencies of statistical analyses.

In causal inference, Stiirmer et al. (2005) proposed a propen-
sity score calibration method when the main data contain the
outcome and an error-prone propensity score based on partial
confounders, and the validation data supplement a gold stan-
dard propensity score based on all confounders. Stiirmer et al.
(2005) then applied a regression calibration technique to correct
for the measurement error from the error-prone propensity
score. This approach does not require the validation data to
contain the outcome variable. However, this approach relies on
the surrogacy property entailing that the outcome variable is
conditionally independent of the error-prone propensity score
given the gold standard propensity score and treatment. This
surrogacy property is difficult to justify in practice, and its
violations can lead to substantial biases (Stiirmer et al. 2007;
Lunt et al. 2012). Under the Bayesian framework, McCandless,
Richardson, and Best (2012) specified a full parametric model of
the joint distribution for the main and validation data, and treat
the gold standard propensity score as a missing variable in the
main data. Antonelli, Zigler, and Dominici (2017) combined the
ideas of Bayesian model averaging, confounder selection, and
missing data imputation into a single framework in this context.
Enders et al. (2018) use simulation to show that multiple impu-
tation is more robust than two-phase logistic regression against
misspecification of imputation models. Lin and Chen (2014)
developed a two-stage calibration method, which summarizes
the confounding information through propensity scores and
combines the results from the main and validation data. Their
two-stage calibration focuses on the regression context with a
correctly specified outcome model. Unfortunately, regression
parameters, especially in the logistic regression model used by
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Lin and Chen (2014), may not be the causal parameters of
interest in general (Freedman 2008).

In this article, we propose a general framework to estimate
causal effects in the setting where the big main data have unmea-
sured confounders, but the smaller external validation data pro-
vide supplementary information on these confounders. Under
the assumption of ignorable treatment assignment, causal effects
can be identified and estimated from the validation data, using
commonly used estimators, such as regression imputation, (aug-
mented) inverse probability weighting (Horvitz and Thompson
1952; Rosenbaum and Rubin 1983b; Robins, Rotnitzky, and
Zhao 1994; Bang and Robins 2005; Cao, Tsiatis, and Davidian
2009), and matching (e.g., Rubin 1973; Rosenbaum 1989; Heck-
man, Ichimura, and Todd 1997; Hirano, Imbens, and Ridder
2003; Hansen 2004; Rubin 2006; Abadie and Imbens 2006;
Stuart 2010; Abadie and Imbens 2016). However, these estima-
tors based solely on the validation data may not be efficient.
We leverage the correlation between the initial estimator from
the validation data and the error-prone estimator from the
main data to improve the efficiency over the initial estimator.
This idea is similar to the two-stage calibration in Lin and
Chen (2014); however, their method focuses only on regression
parameters and requires the validation data to be a simple
random sample from the main data. Alternatively, the empirical
likelihood is also an attractive approach to combine multiple
data sources (Chen and Sitter 1999; Qin 2000; Chen, Sitter, and
Wu 2002; Chen, Leung, and Qin 2003). However, the empiri-
cal likelihood approach needs sophisticated programming, and
its computation can be heavy when data become large. Our
method is practically simple, because we only need to compute
commonly used estimators that can be easily implemented by
existing software routines. Moreover, Lin and Chen (2014) and
the empirical likelihood approach can only deal with regular
and asymptotically linear (RAL) estimators often formulated by
moment conditions, but our framework can also deal with non-
RAL estimators, such as matching estimators. We also propose
a unified bootstrap procedure based on resampling the linear
expansions of the estimators, which is simple to implement and
works for both RAL and matching estimators.

Furthermore, we relax the assumption that the validation
data are a random sample from the study population of interest.
We also link the proposed method to existing methods for
missing data, viewing the additional confounders as missing
values for units outside of the validation data. In contrast to most
existing methods in the missing data literature, the proposed
method does not need to specify the missing data model relating
the unmeasured confounders with the observed variables.

For simplicity of exposition, we use “IID” for “identically
and independently distributed,” 1(-) for the indicator function,
£®2 = ££" for a vector or matrix £, “plim” for the probability
limit of a random sequence, and A, = B, for two random
sequences satisfying A, = B, + op(n~'/?) with n being the
generic sample size. We relegate all regularity conditions for
asymptotic analyses to the online supplementary material.

2. Basic Setup

2.1. Notation: Causal Effect and Two Data Sources

Following Neyman (1923) and Rubin (1974), we use the poten-
tial outcomes framework to define causal effects. Suppose that
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the treatment is a binary variable A € {0, 1}, with 0 and 1 being
the labels for control and active treatments, respectively. For
each level of treatment a € {0, 1}, we assume that there exists
a potential outcome Y(a), representing the outcome had the
subject, possibly contrary to the fact, been given treatment a.
The observed outcomeis Y = Y(A) = AY(1) + (1 — A)Y(0).
Let a vector of pretreatment covariates be (X, U), where X is
observed for all units, but U may not be observed for some units.

Although we can extend our discussion to multiple data
sources, for simplicity of exposition, we first consider a study
with two data sources. The validation data have observations
0y = {(A,X;,U;,Y)) : j € 5} with sample size n; = [S].
The main data have observations O; = {(A;,X;,Y;) : i €
S1\S2} U O, with sample size n; = |S;]. In our formulation, we
consider the case with S; C Sj, and let p = limy,, oo 12/11 €
[0,1]. If one has two separate main and validation datasets,
the main dataset in our context combines these two datasets.
Although the main dataset is larger, that is, n; > n;, it does
not contain full information on important covariates U. Under a
superpopulation model, we assume that {A;, X;j, U;, Y;(0), Y;(1) :
i € S1}arelID for all i € Sy, and therefore the observations in
O are also IID. The following assumption links the main and
validation data.

Assumption 1. The index set S, for the validation data of size 1,
is a simple random sample from S;.

Under Assumption 1, {4}, Xj, U, Y;(0), Y;(1) : j € S} and
the observations in O, of the validation data are also IID, respec-
tively. We shall relax Assumption 1 to allow S, to be a general
probability sample from &; in Section 7. But Assumption 1
makes the presentation simpler.

Example 1. Two-phase sampling design is an example that
results in the observed data structure. In a study, some vari-
ables (e.g., A, X, and Y) may be relatively cheaper, while some
variables (e.g., U) are more expensive to obtain. A two-phase
sampling design (Neyman 1938; Cochran 2007; Wang et al.
2009) can reduce the cost of the study: in the first phase, the
easy-to-obtain variables are measured for all units, and in the
second phase, additional expensive variables are measured for a
selected validation sample.

Example 2. Another example is highly relevant in the era of
big data, where one links small data with full information on
(A, X,U,Y) to external big data with only (4, X, Y). Chatter-
jee et al. (2016) recently consider this scenario for parametric
regression analyses.

Without loss of generality, we first consider the average causal
effect (ACE)

7 = E{Y(1) — Y(0)}, (1

and will discuss extensions to other causal estimands in Sec-
tion 4.1. Because of the IID assumption, we drop the indices i
and j in the expectations in (1) and later equations.

In what follows, we define the conditional means of the
outcome as

naX,U)=E(Y | A=4aX,U),
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na(X) =E(Y | A =aX),
the conditional variances of the outcome as

o2(X,U) =var(Y | A = a,X, U),
02(X) = var(Y | A = a,X),

the conditional probabilities of the treatment as

eX,U)=PA=1|X,U), eX)=PA=1]X).

2.2. Identification and Model Assumptions

A fundamental problem in causal inference is that we can
observe at most one potential outcome for a unit. Following
Rosenbaum and Rubin (1983b), we make the following
assumptions to identify causal effects.

Assumption 2 (Ignorability). Y(a)llA | (X,U) fora = 0and 1.

Under Assumption 2, the treatment assignment is ignorable
in O, given (X, U). However, the treatment assignment is only
“latent” ignorable in O;\O; given X and the latent variable U
(Frangakis and Rubin 1999; Jin and Rubin 2008).

Moreover, we require adequate overlap between the treat-
ment and control covariate distributions, quantified by the fol-
lowing assumption on the propensity score e(X, U).

Assumption 3 (Overlap). There exist constants ¢; and ¢, such
that with probability 1,0 < ¢; < e(X,U) <¢; < L.

Under Assumptions 2 and 3, P{A = 1 | X,U,Y(1)}
PlA =1 X,U,Y(0)} = eX,U), and E{Y(a) | X,U}
E{Y(a) | A = a,X,U} = uys(X,U). The ACE t can then
be estimated through regression imputation, inverse probabil-
ity weighting (IPW), augmented inverse probability weighting
(AIPW), or matching. See Rosenbaum (2002), Imbens (2004),
and Rubin (2006) for surveys of these estimators.

In practice, the outcome distribution and the propensity
score are often unknown and therefore need to be modeled and
estimated.

Assumption 4 (Outcome model). The parametric model
wa(X, U; Ba) is a correct specification for (X, U), fora = 0, 1;
that is, ua(X, U) = ua(X, U; B}), where B is the true model
parameter, fora = 0, 1.

Assumption 5 (Propensity score model). The parametric model
e(X, U; ) is a correct specification for e(X, U); thatis, e(X, U) =
e(X, U;a™), where o* is the true model parameter.

The consistency of different estimators requires different
model assumptions.

3. Methodology and Important Estimators

3.1. Review of Commonly Used Estimators Based on
Validation Data

The validation data {(A;}, Xj, U;, Yj) : j € Sz} contain observa-
tions of all confounders (X, U). Therefore, under Assumptions 2

and 3, 7 is identifiable and can be estimated by some commonly
used estimator solely from the validation data, denoted by 7,.
Although the main data do not contain the full confounding
information, we leverage the information on the common vari-
ables (4, X, Y) as in the main data to improve the efficiency of 7,.
Before presenting the general theory, we first review important
estimators that are widely used in practice.

Let wq(X, U; B4) be a working model for pu,(X, U), for a =
0,1, and e(X, U; ) be a working model for e(X, U). We con-
struct consistent estimators ﬁa (a = 0,1) and @ based on
O,, with probability limits 8} (a = 0,1) and a*, respectively.
Under Assumption 4, ps(X, U; BY) = wa(X,U), and under
Assumption 5, e(X, U;a™*) = e(X, U).

Example 3 (Regression imputation). The regression imputation
estimator is Tregy = 115 ! Zje S, Trega,j» where

freg,2,j = Ml(Xj: Uj§ B1) — /'LO(Xj> Uj§ Bo)-
Treg,2 is consistent for T under Assumption 4.

Example 4 (Inverse probability weighting). The IPW estimator is
Trpw, =y | Y jes, Tipw2,j» where
AjY;

Tipw,2,j = — —
/ e(Xj, Usa)

(1-4)Y,

T1pw 2 is consistent for T under Assumption 5.

The Horvitz-Thompson-type estimator Tipy , has large vari-
ability, and is often inferior to the Hajek-type estimator (Hajek
1971). We do not present the Hajek-type estimator because
we can improve it by the AIPW estimator below. The AIPW
estimator employs both the propensity score and the outcome
models.

Example 5 (Augmented inverse probability weighting). Define
the residual outcome as R; = Y; — u1(Xj, Uj; B1) for treated
units and R; = Y; — uo(X;j, Uj; ,30) for control units. The AIPW
estimator is Tarpw,2 = 1, ! Zje S5 TAPW,2,j» Where

AR U By
. X], U],&) H1lAj, Ujs P1
B (1 —A)R;

TAIPW,2,j =
— (X, U Bo). (2)

Ta1pw,2 is doubly robust in the sense that it is consistent if either
Assumption 4 or 5 holds. Moreover, it is locally efficient if both
Assumptions 4 and 5 hold (Bang and Robins 2005; Tsiatis 2006;
Cao, Tsiatis, and Davidian 2009).

Matching estimators are also widely used in practice. To fix
ideas, we consider matching with replacement with the number
of matches fixed at M. Matching estimators hinge on imputing
the missing potential outcome for each unit. To be precise, for
unit j, the potential outcome under Ajis the observed outcome
Yj; the (counterfactual) potential outcome under 1 — A; is not
observed but can be imputed by the average of the observed
outcomes of the nearest M units with 1 — A;. Let these matched
units for unit j be indexed by Jjyv,, where the subscripts d



and V denote the dataset Oy and the matching variable V/
(e.g., V = (X, U)), respectively. Without loss of generality, we
use the Euclidean distance to determine neighbors; the discus-
sion applies to other distances (Abadie and Imbens 2006). Let
Kavj= Y s, 1G € Jav,) be the number of times that unit j
is used as a match based on the matching variable V in O,.

Example 6 (Matching). Define the imputed potential outcomes
as

1 . _
Vi) = {M Lieppp 1t 4 =0,
Y; ifAj =1,
%, (O) Y ifA]' =0,
-1 AL
ZZEJZ(XU)] Y; lfAj =1.

Then the matching estimator of 7 is

T = Y (5 - %0)

]ESZ

=n,! Z(zAj -y -Mm!
j€Ss

2. v

leThx,u),

Abadie and Imbens (2006) obtained the decomposition

W20
Bl 2 —17) =By + Dy,
where
By=m "2 > 45— 1)

jES

x (MY a6, U = a5, Uy )
le Ta,x,0),

©)

D; =n, 7 Z [1 (X}, Uj) — o X, Up) — 7
jES

+ 24j — D {1+ M 'Ky x,0),} {Y] — 1a; (Xj, U])” -

The difference w1-4;(Xj, Uj) — u1-4;(Xp, Up) in (3) accounts for
the matching discrepancy, and therefore B, contributes to the
asymptotic bias of the matching estimator. Abadie and Imbens
(2006) showed that the matching estimators have nonnegligi-
ble biases when the dimension of V is greater than one. Let
[14(X, U) be an estimator for u,(X, U), obtained either para-
metrically, for example, by a linear regression estimator, or
nonparametrically, for a = 0, 1. Abadie and Imbens (2006)
proposed a bias-corrected matching estimator

~(0) ~1/23
Tmat2 = Tmat 5, — hy "By,

where B, is an estimator for B, by replacing pu,(X, U) with
fa(X, U).
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3.2. A General Strategy

We give a general strategy for efficient estimation of the ACE by
utilizing both the main and validation data. In Sections 3.3 and
3.4, we will provide examples to elucidate the proposed strategy
with specific estimators.

Although the estimators based on the validation data O, are
consistent for v under certain regularity conditions, they are
ineflicient without using the main data ;. However, the main
data O; do not contain important confounders U; if we naively
use the estimators in Examples 3-6 with U being empty, then the
corresponding estimators can be inconsistent for r and thus are
error-prone in general. Moreover, for robustness consideration,
we do not want to impose additional modeling assumptions
linking U and (4, X, Y).

Our strategy is straightforward: we apply the same error-
prone procedure to both the main and validation data. The key
insight is that the difference of the two error-prone estimates
is consistent for 0 and can be used to improve efficiency of the
initial estimator due to its association with 7,. Let an error-prone
estimator of T from the main data be f1,ep, which converges to
some constant Tep, not necessarily the same as r. Applying the
same method to the validation data {(A;, X, Y}) : j € Sy}, we
can obtain another error-prone estimator fz,ep. More generally,
we can consider tep to be an L-dimensional vector of parameters
identifiable based on the joint distribution of (4, X, Y), and f1,ep
and T¢p to be the corresponding estimators from the main
and validation data, respectively. For example, 74, can contain
estimators of 7 using different methods based on O,.

We consider a class of estimators satisfying

1/2 T —T v, TIT
n ~ ~ o N 0 5 > 4
2 ( T2,ep — Tlep ) { . ( r.v )} @

in distribution, as n, — oo, which is general enough to include
all the estimators reviewed in Examples 3-6. Heuristically, if
(4) holds exactly rather than asymptotically, by the multivariate
normal theory, we have the following the conditional distribu-
tion

2,4 1/2 A ~
/ (2—1) | ”2/ (Toep — T1 ep)

NN{ V2PTY =L (2 0 — Brep)sva — FTV’lF].

Let 75, [' and V be consistent estimators for v, I and V.
We set né/ z(fz — 7) to equal its estimated conditional mean

1/ pry V(% ep — Tl,ep), leading to an estimating equation for
‘L’:

1/2 1/2

(2 — 1) = ny) TV N (Zpep — Trep)-

Solving this equation for 7, we obtain the estimator

fl,ep)- (5)

A

A FTV_I(fZ,ep _

L b

Proposition 1. Under Assumption 1 and certain regularity con-
ditions, if (4) holds, then 7 is consistent for 7, and

ny/* (2 = 1) > N(©,v, —T'V'T), (6)

in distribution, as n, — oo. Given a nonzero I', the asymptotic
variance, v, — [TV ™IT, is smaller than the asymptotic variance
of ‘Ez, .
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The consistency of 7 does not require any component in 7y ¢,
and 7p¢p to correctly estimate 7. That is, these estimators can
be error prone. The requirement for the error-prone estimators
is minimal, as long as they are consistent for the same (finite)
parameters. Under Assumption 1, fl,ep — fz,ep is consistent for
a vector of zeros, as 1y — 00.

We can estimate the asymptotic variance of T by

V= (f/z — f‘T\A/’lf‘)/nz. (7)

Remark 1. We construct the error prone estimators 7y, and
Ty,ep based on O and O, respectively. Another intuitive way is
to construct 71 ¢p and 73 ¢p based on O1\O; and O, respectively.
In general, we can construct the error prone estimators based
on different subsets of O; and O, as long as their difference
converges in probability to zero. We show in the supplementary
material that our construction maximizes the variance reduc-
tion for 7,, IV ™IT, given the procedure of the error prone
estimators.

Remark 2. We can view (5) as the best consistent estimator of t
among all linear combinations {72 + A" (T2ep — T1,ep) : A € RLY,
in the sense that (5) achieves the minimal asymptotic variance
among this class of consistent estimators. Similar ideas appeared
in design-optimal regression estimation in survey sampling
(Deville and Séarndal 1992; Fuller 2009), regression analyses
(Chen and Chen 2000; Chen 2002; Wang and Wang 2015),
improved prediction in high dimensional datasets (Boonstra,
Taylor, and Mukherjee 2012), and meta-analysis (Collaboration
2009). In the supplementary material, we show that the
proposed estimator in (5) is the best estimator of t among the
class of estimators {T = f(%2, T1,ep> T2,ep): f (%, )» 2) is a smooth
function of (x, y,z), and 7 is consistent for 7}, in the sense that
(5) achieves the minimal asymptotic variance among this class.

Remark 3. The choice of the error-prone estimators will affect
the efficiency of 7. From (6), for a given 7, to improve the
efficiency of T with a 1-dimensional error-prone estimator, we
would like this estimator to have a small variance V and a large
correlation with 7, I'. In principle, increasing the dimension
of the error-prone estimator would not decrease the asymptotic
efficiency gain as shown in the supplementary material. How-
ever, it would also increase the complexity of implementation
and harm the finite sample properties. To “optimize” the trade-
off, we suggest choosing the error-prone estimator to be the
same type as the initial estimator 7,. For example, if 7, is an
AIPW estimator, we can choose fd,ep to be an AIPW estimator
without using U in a possibly misspecified propensity score
model. The simulation in Section 5 confirms that this choice is
reasonable.

To close this subsection, we comment on the existing litera-
ture and the advantages of our strategy. The proposed estimator
7 in (5) utilizes both the main and validation data and improves
the eficiency of the estimator based solely on the validation
data. In economics, Imbens and Lancaster (1994) proposed to
use the generalized method of moments (Hansen 1982) for
using the main data which provide moments of the marginal
distribution of some economic variables. In survey sampling,
calibration is a standard technique to integrate auxiliary infor-

mation in estimation or handle nonresponse; see, for example,
Chen and Chen (2000), Wu and Sitter (2001), Kott (2006),
Chang and Kott (2008), and Kim, Kwon, and Paik (2016). An
important issue is how to specify optimal calibration equations;
see, for example, Deville and Sérndal (1992), Robins, Rotnitzky,
and Zhao (1994), Wu and Sitter (2001), and Lumley, Shaw, and
Dai (2011). Other researchers developed constrained empirical
likelihood methods to calibrate auxiliary information from the
main data; see, for example, Chen and Sitter (1999), Qin (2000),
Chen, Sitter, and Wu (2002), and Chen, Leung, and Qin (2003).

Compared to these methods, the proposed framework is
attractive because it is simple to implement which requires
only standard software routines for existing methods, and it
can deal with estimators that cannot be derived from moment
conditions, for example, matching estimators. Moreover, our
framework does not require a correct model specification of the
relationship between unmeasured covariates U and measured
variables (A, X, Y).

3.3. Regular Asymptotically Linear (RAL) Estimators

We first elucidate the proposed method with RAL estimators.

From the validation data, we consider the case when 7, — 7
is RAL; that is, it can be asymptotically approximated by a sum
of IID random vectors with mean 0:

-1 =t Z v (4,
jeS,
where {¥ (A}, X;, U, Yj) : j € Sy} are IID with mean 0. The
random vector ¥ (A, X, U,Y) is called the influence function
of 7, with E(¥) = 0 and E(y?) < oo (e.g., Bickel et al.
1993). Regarding regularity conditions, see, for example, Newey
(1990).

Let e(X;y) be an error-prone propensity score model for
e(X), and ua(X;n,) be an error-prone outcome regression
model for p4(X), for a = 0, 1. The corresponding error-prone
estimators of the ACE can be obtained from the main data O;
and the validation data 0. We consider the case when 7, is
RAL:

Taep — Tep E 17" Y B(A} X}, Y)),
j€Sa
where {¢ (A}, Xj, Y}) : j € Sy} are IID with mean 0.

X, U, Y)), (8)

d=12), (9

Theorem 1. Under certain regularity conditions, (4) holds for
the RAL estimators (8) and (9), where v, = var{y/(A, X, U, Y)},
I'=>0-p)cov{yv(A,X,U,Y),¢p(A, X, Y)},and V = (1 — p)
xvar{¢ (A, X, Y)}.

To derive [" and V for RAL estimators, let (/gd(A, X,Y) and
&(A, X,U,Y) be estimators of ¢(A,X,Y) and ¥ (A, X, U,Y)
by replacing E(-) with the empirical measure and unknown
parameters with their corresponding estimators. Note that the
subscript d in qu(A,X, Y) indicates that it is obtained based on
Og. Then, we can estimate I" and V by

A

I'= ﬁ(fb f2,ep - fl,ep)

n\ 1 A n
- (1 - _) n > V(AL X Uy Y)da(4), X, 1)),

n
! i€



5 . 1 . ®2
V= Vat(fep — taep) = (1= — ) = > [¢1(Ai,Xi, Yi)} :

n
1 iESl

Finally, we can obtain the estimator and its variance estimator
by (5) and (7), respectively.

The commonly-used RAL estimators include the regression
imputation and (augmented) inverse probability weighting esti-
mators. Because the influence functions for 7reg» and Zipw,, are
standard, we present the details in the supplementary material.
Below, we state only the influence function for Torpw 2.

For the outcome model, let S, (A, X, U, Y; B,) be the estimat-
ing function for fB,, for example,

e (X, Us Ba)
0Ba
for a = 0, 1, which is a standard choice for the conditional mean

model. For the propensity score model, let S(A, X, U; «) be the
estimating function for «, for example,

Su(A)X, U) Y; IBu) = {Y - /‘Lu(X: U; ﬁa)};

A—eX,U;) de(X,U;x)

SAAX,Usa) = eX,U;a){1 —e(X, U;t)}  da

>

which is the score function from the likelihood of a binary
response model. Moreover, let

Toa = E{S¥* (A X, Us o)}

_ 1 { de(X, U;a*) }®2
T eX, Usan){1 — e(X, Usa*))} dt

be the Fisher information matrix for « in the propensity score
model. In addition, let ,3a (a = 0,1) and & be the estimators
solving the corresponding empirical estimating equations based
on O, with probability limits 8 (a = 0, 1) and a*, respectively.

Lemma 1 (Augmented inverse probability weighting). For sim-
plicity, denote e]’.k = e(Xj, U a™), é;‘ = de(Xj, U a™)/da”, S]* =
B/ 3,8; for a = 0, 1. Under Assumption 4 or 5, To;pw,2 has the
influence function

Varpw (4, Xj, Uj, Yj)

AiY; Aj
) ]
_—e_*+(1_e_*>MTj

i i

(1— 4)Y; 1— A B
_W— 1— l—e;.k [sz—‘[—i-HAIpwzao}S}k
1—A)\ . o
+E{(1—1_e*),u§}{E(S§)} So; (10)
A\ . o
—E{(l—;) MT}{E(ST)} i, (11)

where

AY —pp) (L= A = uf) } é*}

Harpw = £ “ (e*)? (1—en?
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Lemma 1 follows from standard asymptotic theory, but as
far as we know it has not appeared in the literature. Lunceford
and Davidian (2004) suggest a formula without (10) and (11) for
Yarpw, which, however, works only when both Assumptions 4
and 5 hold. Otherwise, the resulting variance estimator is not
consistent if either Assumption 4 or 5 does not hold, as shown
by simulation in Funk et al. (2011). The correction terms in
(10) and (11) also make the variance estimator doubly robust
in the sense that the variance estimator for Tapw 2 is consistent
if either Assumption 4 or 5 holds, not necessarily both.

For error-prone estimators, we can obtain the influence func-
tions similarly. The subtlety is that both the propensity score
and outcome models can be misspecified. For simplicity of the
presentation, we defer the exact formulas to the online supple-
mentary material.

3.4. Matching Estimators

We then elucidate the proposed method with non-RAL estima-
tors. An important class of non-RAL estimators for the ACE
are the matching estimators. The matching estimators are not
regular estimators because the functional forms are not smooth
due to the fixed numbers of matches (Abadie and Imbens 2008).
Continuing with Example 6, Abadie and Imbens (2006) express
the bias-corrected matching estimator Tyat2 in a linear form as

R ~ -1
Tmat2 — T =M, Z Wmat,j, (12)

jES
where
Ymatj = 11X, Uj) — o (X, Uj) — 1

+ QA — D {1+ M Ky} {Yj — 1y (X, U,-)} :
(13)

Similarly, fmat,d,ep has a linear form

A ~ -1
Tmat,dep — Tep = Ny Z Pmat,d,j> (14)

j€Sa
where

Pmatdj = M1 (Xj) — po(Xj) — Tep
+ (24; — 1) (1 + M 'Kyy)) le - MAJ.(XJ-)} . (15)

Theorem 2. Under certain regularity conditions, (4) holds for
the matching estimators (12) and (14), where

vy, =var{t(X,U)}

. 3 _ 2
+plim [ ny' Y {1+ M Koo} 07 (X5, Up |
jESz

'=0-p)|cov{ui(X,U) — uoX, U), u1(X) — mo(X)}
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+ plim n;l Z {1 + M_IKZ,(X,U)J}
jeSy

x (1+ M Kax,) o4 (X3, Up | ]

V= (1-p) |var{u1(X) — uo(X)}

. _ _ 2
+plim { n; ! Z (1 +M le,X,j) O’AZJ_(X]‘)
JES2

The existence of the probability limits in Theorem 2 are
guaranteed by the regularity conditions specified in the supple-
mentary material (c.f. Abadie and Imbens 2006).

To estimate (v, I', V) in Theorem 2, we need to estimate the
conditional mean and variance functions of the outcome given
covariates. Following Abadie and Imbens (2006), we can esti-
mate these functions via matching units with the same treatment
level. We will discuss an alternative bootstrap strategy in the next
subsection.

3.5. Bootstrap Variance Estimation

The asymptotic results in Theorems 1 and 2 allow for variance
estimation of 7. In addition, we also consider the bootstrap for
variance estimation, which is simpler to implement and often
has better finite sample performances (Otsu and Rai 2016). This
is particularly important for matching estimators because the
analytic variance formulas involve nonparametric estimation of
the conditional variances o2 (x, u) and o 2(x).

There are two approaches for obtaining bootstrap observa-
tions: (a) the original observations; and (b) the asymptotic linear
terms of the proposed estimator. For RAL estimators, bootstrap-
ping the original observations will yield valid variance estima-
tors (Efron and Tibshirani 1986; Shao and Tu 2012). However,
for matching estimators, Abadie and Imbens (2008) showed that
due to lack of smoothness in their functional form, the bootstrap
based on approach (a) does not apply for variance estimation.
This is mainly because the bootstrap based on approach (a)
cannot preserve the distribution of the numbers of times that
the units are used as matches. As a remedy, Otsu and Rai (2016)
proposed to construct the bootstrap counterparts by resampling
based on approach (b) for the matching estimator.

To unify the notation, let ; indicate ¥ (4;, X, U}, Y)) for
RAL 7, and ¥matj for Tmat2; and similar definitions apply to
¢aj (d = 1,2). Let 1%- and qu ;j be their estimated version by
replacing the population quantities by the estimated quantities
(d = 1,2). Following Otsu and Rai (2016), forb =1, ..., B, we
construct the bootstrap replicates for the proposed estimators as
follows:

Step 1. Sample n; units from S; with replacement as S} ®)

treating the units with observed U as the bootstrap validation
data S} @,

Step 2. Compute the bootstrap replicates of 7, —7 and Tep—Tep

as
NOE® —1 ?
T, —Ta=n, Z 1//j,
jesy®
NN -
7"d,ep - TdﬁP =ny Z ¢)d’]’
jes;‘(h)

(d=1,2).

Based on the bootstrap replicates, we estimate I', V and v, by

B
A _ ~(b A ~(b ~(b N A
r=®B-1) 1 E (1:2( ) _ 12)(T2(,e)p — Tl(,e)p — Toep + T1,ep),
b=1

(16)

B

‘ - ~b) 2 4 5

V=B-1) ! Z(Tz(ﬁ)p - rl(,e)p — Tep T+ Tl,ep)®2a (17)
b=1
B

N — (b A

=B-DTY (E - ) (18)
b=1

Finally, we estimate the asymptotic variance of T by (7), that is,
V=@ = TTVID) /n,.

Theorem 3. Under certain regularity conditions, (I, V, ,, ) are
consistent for {I', V, var(7,), var(7)}.

Remark 4. If the ratio of np and ny is small, the above boot-
strap approach may be unstable, because it is likely that some
bootstrap validation data contain only a few or even zero obser-
vations. In this case, we use an alternative bootstrap approach,
where we sample 7, units from S, with replacement as S5,
sample n; — 1y units from S;\S, with replacement, combined
with S5, as S}, and obtain the proposed estimators based on Sf
and S5 This approach guarantees that the bootstrap validation
data contain n, observations.

Remark 5. It is worthwhile to comment on a computational
issue. When the main data have a substantially large size, the
computation for the bootstrap can be demanding if we follow
Steps 1 and 2 above. In this case, we can use subsampling
(Politis, Romano, and Wolf 1999) or the Bag of Little Bootstraps
(Kleiner et al. 2014) to reduce the computational burden. More
interestingly, when n; — oo and p = 0, that is, the validation
data contain a small fraction of the main data, I' and V reduce
to cov(?y, T2,ep) and var(Taep), respectively. That is, when the
size of the main data is substantially large, we can ignore the
uncertainty of 7j ¢p and treat it as a constant, which is a regime
recently considered by Chatterjee et al. (2016). In this case, we
need only to bootstrap the validation data, which is computa-
tionally simpler.

4. Extensions
4.1. Other Causal Estimands

Our strategy extends to a wide class of causal estimands, as
long as (4) holds. For example, we can consider the average
causal effects over a subset of population (Crump et al. 2006;
Li, Morgan, and Zaslavsky 2016), including the average causal
effect on the treated.



We can also consider nonlinear causal estimands. For exam-
ple, for a binary outcome, the log of the causal risk ratio is

PO =1y EIY(D)
P{Y(0) =1} E{Y(0)}
and the log of the causal odds ratio is
P{Y(1) = 1}/P{Y(1) = 0}
P{Y(0) = 1}/P{Y(0) = 0}
— log EY()Y/I1 = EfY (D}
E{Y(0)}/[1 — E{Y(0)}]
We give a brief discussion for the log CRR as an illustration. The
key insight is that under Assumptions 2 and 3, we can estimate

E{Y(a)} with commonly-used estimators from O,, denoted by
E{Y(a)}, for a = 0,1. We can then obtain an estimator for
the log CRR as log[E{Y(l)}/E{Y(O)}]. Similarly, we can obtain
error-prone estimators for the log CRR from both O; and O,
using only covariates X. By the Taylor expansion, we can lin-
earize these estimators and establish a similar result as (4), which
serves as the basis to construct an improved estimator for the
log CRR.

log CRR = log

log COR = log

4.2. Design Issue: Optimal Sample Size Allocation

As a design issue, we consider planning a study to obtain the
data structure in Example 1 in Section 2 subject to a cost
constraint. The goal is to find the optimal design, specifically the
sample allocation, that minimizes the variance of the proposed
estimator subject to a cost constraint, as in the classical two-
phase sampling (Cochran 2007).

Suppose that it costs C; to collect (A, X, Y) for each unit, and
C; to collect U for each unit. Thus, the total cost of the study is

C=nmC +nC,. (19)
The variance of the proposed estimator 7 is of the form
ny vy — ('t =iy, (20)

for example, for RAL estimators,

y = cov{y (A, X, U, Y), ¢ (A, X, )} [var{¢ (4, X, V)}] !
coviy (A, X, U, Y),p(A, X, Y)}

is the variance of the projection of ¥ (A, X, U, Y) onto the linear
space spanned by ¢ (4, X, Y). Minimizing (20) with respect to
n1 and n, subject to the constraint (19) yields the optimal n}
and 3, which satisfy

1/2
= } , (21)

*—"—3—{(1—122 ) X —
=T e X C,
where R, . = y/v; is the squared multiple correlation coeffi-
cient of ¥ (A, X, U,Y) on ¢ (A, X, Y), which measures the asso-
ciation between the initial estimator and the error-prone estima-
tor. We derive (21) using the Lagrange multipliers, and relegate
the details to the supplementary material. Not surprisingly,
(21) shows that the sizes of the validation data and the main
data should be inversely proportional to the square-root of the
costs. In addition, from (21), a large size n, for the validation
data is more desirable when the association between the initial
estimator and the error-prone estimator is small.
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4.3. Multiple Data Sources

We have considered the setting with two data sources, and
we can easily extend the theory to the setting with multiple
data sources O, ..., Ok, where Oy,...,Ok_1 contain partial
covariate information, and the validation data, Ok, contain full
information for (4, X, U, Y). For example, ford =1,...,K—1,
O, contains variables (A, V4, Y) where Vj ; (X, U). Each
dataset Oy, indexed by Sy, has size ny ford = 1,...,K. This
type of data structure arises from a multi-phase sampling as an
extension of Example 1 or multiple sources of “big data” as an
extension of Example 2.

Let Tg be the initial estimator for ¢ from the validation data
Ok, and 7 be the error-prone estimator for t from Oy (d =
I,...,K —1). Let T4 p be the estimator obtained by applying
the same error-prone estimator for Oy to Ok, so that Ty, —

TaKep is consistent for 0, ford = 1,...,K — 1. Assume that
‘f’K -7
12 Tlep — T1,K,ep
ny )

TK—1,ep — TK—1,K,ep

=of(a ). W)}

in distribution, as ngx — 00, where L = 25;11 dim(7gep). If
I and V have consistent estimators I" and V, respectively, then,
extending the proposed method in Section 3, we can use

T
A __ A RT{—1( 2T _ 2T AT _ 2T
=1 -V ( Tep ~ TLKep> > TK—Lep — K—1K,ep )

to estimate t. The estimator 7 is consistent for v with the
asymptotic variance vk — I'"V™IT", which is smaller than the
asymptotic variance of Tk, vk, if I is nonzero. Similar to the
reasoning in Remark 3, using more data sources will improve
the asymptotic estimation efficiency of 7.

5. Simulation

In this section, we conduct a simulation study to evaluate the
finite sample performance of the proposed estimators. In our
data generating model, the covariates are X; ~ Unif(0,2) and
U; = 0.540.5X; — 2sin(X;) + 2sign{sin(5X;)} + €;, where €; ~
Unif(—0.5,0.5). The potential outcomes are Y;(0) = —X;— U;+
€;(0) and Y;(1) = —X; + 4U; + €;(1), where €;(0) ~ N(0,1),
€;(1) ~ N(0,1),and ¢;(0) and €;(1) are independent. Therefore,
the true value of the ACEis T = E(5U;). The treatment indicator
A; follows Bernoulli(rr;) with logit(sr;) = 1 — 0.5X; — 0.5U;.
The main data O; consist of n; units, and the validation data
O, consist of n, units randomly selected from the main data.
The initial estimators are the regression imputation, (A)IPW
and matching estimators applied solely to the validation data,
denoted by Treg2, Trpw,2, TAIPW,2> and Tmat2, respectively. To
distinguish the estimators constructed based on different error-
prone methods, we assign each proposed estimator a name with
the form Tiethod, 2&methods> Where “method,2” indicates the ini-
tial estimator applied to the validation data O,, and “methods”
indicates the error-prone estimator(s) used to improve the effi-
ciency of the initial estimator. For example, freg,z&[pw indicates
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the initial estimator is the regression imputation estimator and
the error-prone estimator is the IPW estimator. We compare
the proposed estimators with the initial estimators in terms
of percentages of reduction of mean squared errors, defined
as {1 — MSE(Zmethod,2&methods)/ MSE(Tmethod,2)} X 100%. To
demonstrate the robustness of the proposed estimator against
misspecification of the imputation model, we consider the mul-
tiple imputation (MI, Rubin 1987) estimator, denoted by Tp;,
which uses a regression model of U given (A, X,Y) for impu-
tation. We implement MI using the “mice” package in R with
m = 10.

Based on a point estimate 7 and a variance estimate ¥
obtained by the asymptotic variance formula or the bootstrap
method described in Section 3.5, we construct a Wald-type 95%
confidence interval (T — zp.9759"/2, T + 2zo.9759/2), where zg 975
is the 97.5% quantile of the standard normal distribution. We
further compare the variance estimators in terms of empirical
coverage rates.

Figure 1 shows the simulation results over 2000 Monte Carlo
samples for (n1,n2) = (1000, 200) and (n;, ny) = (1000, 500).
The multiple imputation estimator is biased due to the mis-
specification of the imputation model. In all scenarios, the pro-
posed estimators are unbiased and improve the initial esti-
mators. Using the error-prone estimator of the same type of
the initial estimator achieves a substantial efficiency gain, and
the efficiency gain from incorporating additional error-prone
estimator is not significantly important. Because of the prac-
tical simplicity, we recommend using the same type of error-
prone estimator to improve the efficiency of the initial estimator.
Confidence intervals constructed from the asymptotic variance
formula and the bootstrap method work well, in the sense that
the empirical coverage rate of the confidence intervals is close
to the nominal coverage rate. In our settings, the matching
estimator has the smallest efficiency gain among all types of
estimators.

6. Application

We present an analysis to evaluate the effect of chronic obstruc-
tive pulmonary disease (COPD) on the development of herpes
zoster (HZ). COPD is a chronic inflammatory lung disease
that causes obstructed airflow from the lungs, which can cause
systematic inflammation and dysregulate a patient’s immune
function. The hypothesis is that people with COPD are at
increased risk of developing HZ. Yang et al. (2011) find a positive
association between COPD and development of HZ; however,
they do not control for important counfounders between
COPD and HZ, for example, cigarette smoking and alcohol
consumption.

We analyze the main data from the 2005 Longitudinal Health
Insurance Database (LHID, Yang et al. 2011) and the validation
data from the 2005 National Health Interview Survey conducted
by the National Health Research Institute and the Bureau of
Health Promotion in Taiwan (Lin and Chen 2014). The 2005
LHID consist of 42,430 subjects followed from the date of
cohort entry on January 1, 2004 until the development of HZ or
December 31, 2006, whichever came first. Among those, there
are 8,486 subjects with COPD, denoted by A = 1, and 33,944

subjects without COPD, denoted by A = 0. The outcome Y was
the development of HZ during follow up (1, having HZ and 0,
not having HZ). The observed prevalence of HZ among COPD
and non-COPD subjects are 3.7% and 2.2% in the main data and
2.5% and 0.8% in the validation data.

The confounders X available from the main data were age,
sex, diabetes mellitus, hypertension, coronary artery disease,
chronic liver disease, autoimmune disease, and cancer. How-
ever, important confounders U, including cigarette smoking and
alcohol consumption, were not available. The validation data O,
use the same inclusion criteria as in the main study and consist
of 1,148 subjects who were comparable to the subjects in the
main data. Among those, 244 subjects were diagnosed of COPD,
and 904 subjects were not. In addition to all variables available
from the main data, cigarette smoking and alcohol consumption
were measured. In our formulation, the main data O; combine
the LHID data and the validation data. Table 4 in Lin and Chen
(2014) shows summary statistics on demographic characteris-
tics and comorbid disorders for COPD and Non-COPD subjects
in the main and validation data. Because the common covariates
in the main and validation data are comparable, it is reasonable
to assume that the validation sample is a simple random sample
from the main data. Moreover, the difference in distributions of
alcohol consumption between COPD and non-COPD subjects
is not statistical significant in the validation data. But, the COPD
subjects tended to have higher cumulative smoking rates than
the non-COPD subjects in the validation data.

We obtain the initial estimators applied solely to the vali-
dation data and the proposed estimators applied to both data.
As suggested by the simulation in Section 5, we use the same
type of the error-prone estimator as the initial estimator. Fol-
lowing Stiirmer et al. (2005) and Lin and Chen (2014), we
use the propensity score to accommodate the high-dimensional
confounders. Specifically, we fit logistic regression models for
the propensity score e(X, U; ) and the error-prone propensity
score e(X;y) based on {(A;,X;,Uj) : j € Sz} and {(A;, X)) :
j € &1}, respectively. We fit logistic regression models for the
outcome mean function w,(X, U) based on a linear predictor
{1,e(X, U;@)}"B,, and for p,(X) based on a linear predictor
{1,e(X; 7)) " ng, fora=0,1.

We first estimate the ACE 7. Table 1 shows the results for
the average COPD effect on the development of HZ. We find
no big differences in the point estimates between our proposed
estimators and the corresponding initial estimators, but large
reductions in the estimated standard errors of the proposed
estimators. As a result, all 95% confidence intervals based on
the initial estimators include 0, but the 95% confidence intervals
based on the proposed estimators do not include 0, except for
Tmat2&mat- As demonstrated by the simulation in Section 5, the
variance reduction by utilizing the main data is the smallest for
the matching estimator. From the results, on average, COPD
increases the percentage of developing HZ by 1.55%.

We also estimate the log of the causal risk ratio of HZ with
COPD. The initial IPW estimate from the validation data is
log C/Iﬁhpw,zz 1.10 (95% confidence interval: 0.02, 2.18). In
contrast, the proposed estimate by using the error-prone IPW
estimators is log @]PW)Z&IPW: 0.57 (95% confidence inter-
val: 0.41, 0.72), which is much more accurate than the initial
IPW estimate.
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Figure 1. Simulation results of point estimates (top panels) and coverage rates (bottom panels): the subscripts “a,” “b," “c," and “d” stand for methods “reg,” “IPW,” “AIPW,"

and “mat;’ respectively, “reg2”is Zreg,2, “reg2,method” is Zreg,2amethod: Other notation is defined similarly, and “mi”is Zpy;.
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Table 1. Point estimate, bootstrapped standard error and 95% Wald-type confidence interval

Est SE 95% Cl Est SE 95% C
freg,2 0.0178 00112 (—0.0047,0.0402) Treg,28req 0.0155 0.0023 (0.0109, 0.0200)
tpw2 0.0175 0.0111 (—0.0048, 0.0398) TPW,281PW 0.0155 0.0024 (0.0108,0.0202)
TAPW 2 0.0179 00111 (—0.0044,0.0402) AW 28AIPW 0.0156 0.0024 (0.0109,0.0203)
fmat,2 0.0077 0.0092 (—0.0106,0.021) Tmat, 28mat 0.0079 0.0053 (—0.0027,0.0184)

7. Relaxing Assumption 1

In previous sections, we invoked Assumption 1 that S is a
random sample from S;. We now relax this assumption and
link our framework to existing methods for missing data. Let
I; be the indicator of selecting unit i into the validation data,
thatis, ; = 1ifi € S;andI; = 0ifi ¢ S,. Alternatively,
I; can be viewed as the missingness indicator of U;. Under
Assumption 1, Il (A, X, U, Y); that is, U is missing completely
at random. We now relax it to I1U | (A,X,Y), that is, U
is missing at random. In this case, the selection of S, from
&1 can depend on a probability design, which is common in
observational studies, for example, an outcome-dependent two-
phase sampling (Breslow, McNeney, and Wellner 2003; Wang
et al. 2009).

We assume that each unit in the main data is subjected to an
independent Bernoulli trial which determines whether the unit
is selected into the validation data. For simplicity, we further
assume that the inclusion probability P(I = 1 | A,X,U,Y) =
P(I =1]| AXY) = (A, X,Y) is known as in two-phase
sampling. Otherwise, we need to fit a model for the missing
data indicator I given (4, X, Y). We summarize the above in the
following assumption.

Assumption 6. {(I;, A, X;, U, Y;) : i € &1} are IID with
IIU| (A X,Y).S; is selected from S; with a known inclusion
probability 7 (4,X,Y) > 0.

In what follows, we use 7 for 7(A,X,Y) and m; for
7 (A}, X, Yj) for shorthand. Because of Assumption 6, we
drop the indices i and j in the expectations, covariances, and
variances, which are taken with respect to both the sampling
and superpopulation models.

7.1. RAL estimators

For the illustration of RAL estimators, we focus on the AIPW
estimator of the ACE 1, because the regression imputation
and inverse probability weighting estimators are its special
cases. Let @ and f, solve the weighted estimating equations
Yies, T S(Aj X, User) = 0and Y5, 7 Sa(Aj, X, Uy, Vs
Ba) = 0, and let «* and B} satisfy E{S(A,X, U;a*)} = 0 and
E{S.(A, X, U,Y; B¥)} = 0. Under suitable regularity condition,
& — o*and B, — B in probability, for a = 0, 1. Let the initial
estimator for 7 be the Hajek-type estimator (Héjek 1971):

L 2jes, T j_lfAIPw,z,j

7= ——,

ZjESz T

where Tarpw,2,; has the same form as (2). Under regularity
conditions, Assumption 4 or 5, and Assumption 6, we show in

(22)

the supplementary material that

o Y AU, (23)
jeS1
where (A, X,U,Y) is given by (11). Because

{7 Y (A X, Up Y)) ¢ j € Si) are IID with mean 0, 7 is
consistent for .

Similarly, let 7 and 74, solve the weighted estimating equa-
tion Yics, 7 S(A;, X5 y) = 0and Yo, 7 Sa(4) X, Vs
na) = 0, and let y* and nj satisfy E{S(A;, Xj;¥*)} = 0 and
E{S4(A}, Xj, Y3 n;)} = 0. Under suitable regularity condition,
Y4 — y*and g, — n} in probability, for a = 0,1 and
d = 1,2. Let the error-prone estimators be

—1a
ZjeSZ 7'[]- TAIPW,2,ep,

-1
ZjeSz 7T

A -1 A A
Tlep =M E TAIPW,L,ep,i> T2,ep =
ieS;

>

(24)

where Ta1pw,d,ep, has the same form as (S8) in the supplemen-
tary material. Following a similar derivation for (23), we have

A ~ 1
Tlep — Tep = 1y Z ¢ (A, X;, Ys),
i€eS;

~ ~  —1 —1
Trep —Tep =07 Y W (AL X}, X)),
jESl

(25)

where ¢ (A, X, Y) is given by (S9) in the supplementary material.
Because both {¢(A4;,X;, Y;) : i € Si} and {nj—lljd) (Aj, X}, Y))
j € S1} are IID with mean 0, 71 ¢p and 7, ¢ are consistent for .

Theorem 4. Under certain regularity conditions, (4) holds
for the Hajek-type estimators (22) and (24), where p =
th 1y —> 00 (1’[2/7’11), V2 = p X Var{ﬂ'_lll//(A,X, U, Y)}>
I = p x cov{iz "y (A,X, U, Y), ("' — 1)¢p(A, X, Y)} and
V =p xvar{(wx ' — oA, X, Y)}.

Similar to Section 3.3, we can construct a consistent variance
estimator for 7 by replacing the variances and covariance in
Theorem 4 with their sample analogs.

7.2. Matching Estimators

Recall that J; v is the index set of matches for unit [ based on
data O; and the matching variable V, which can be (X, U) or
X. Define 84y, = 1ifj € Jgv,and 84y, = 0 otherwise.
Now, we denote Ky v j = 7; Zlesd nfl HA; = 1-Aj}84,v, as
the weighted number of times that unit j is used as a match. If 7;
is a constant for all j € Sy, then Ky ; reduces to the number of
times that unit j is used as a match defined in Section 3.1, which
justifies using the same notation as before.



Let the initial matching estimator for t be the Hajek-type
estimator:
-1

~(0)
rmat,Z -

—1
Z”j

‘652

XZﬂj_l(ZAj—l) Y- M~} Z Y;

j€S2 le 72,0,

—1
Z T

'682

x Y A = D {1+ M7 Ko} Y
j€Sy

-1

Let a bias-corrected matching estimator be

~(0)

. —1/24
Tmat2 = Tmat2 — Mg B, (26)

where

fa —1/2 —
By=n;V Y w24 - 1)
j€Sy

x| MY e @ U - s U} |
le Th,x,u),
We show in the supplementary material that

~ ~  —1 -1
Tmat2 — T =1 E T 1ﬂrnat,jy
j€S2

(27)

where Yimqej is defined in (13) with the new definition of

K2,x,0),j-
Similarly, we obtain error-prone matching estimators and
express them as

A ~  —1
Tmat,l,ep — Tep = 1 § ¢mat,1,j>
jeSi

N ~ -1 -1
Tmat,2,ep — Tep = M Z 7T Dmat,2,j> (28)

jESz
where Par,q is defined in (15) with the new definition of K x ;.

From the above decompositions, Tmat2 is consistent for T,
and Tmat,1,ep — Tmat,2,ep 1S consistent for 0.

Theorem 5. Under certain regularity conditions, (4) holds
for the estimators (26) and Tpadep (d = 1,2), where p =
Pllm ny— 00 (112/111),

1
vz=px(E[

l i .
+ plim | nj? Z ad {1+ M_le,(X,U),j}2

T
jeSi J

o4, (X Uj)]) ’

-7

{T(X,U) — t}z}

1—
['=p XE[TN (X, U) — no(X, U) — 7}

{11 X)) = po(X) — 7ep}]
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l—JTj

+ p x plim | nj? Z {1+ M 'K x0),)
jeS1

(14+M 'Ky x;) 01%], X U])] ;

Tj

1—m 2
V=p xE[T{m(X)—Mo(X)—Tep} ]

1—7Tj

. - _ 2
+ o x plim | n] ! Z (1 + M lKl,X,j) ojj(Xj)

=
jest 7

We can construct variance estimators based on the formulas
in Theorem 5. However, this again involves estimating the con-
ditional variances ag (x) and 012 (x). We recommend using the
bootstrap variance estimator in the next subsection.

7.3. A Bootstrap Variance Estimation Procedure

The asymptotic linear forms (23), (25), (27), and (28) are useful
for the bootstrap variance estimation. For b = 1,...,B, we

construct the bootstrap replicates as follows:
Step 1. Sample 1 units from S; with replacement as Sy ®,
Step 2. Compute the bootstrap replicates of 7, —7 and 7,ep —Tep

as
~(b) ~ -1 177
T, —Ty=mn E L,

ies®

~(b) ~ S| ~

Tl,ep — Tlep = M Z ¢1,i,
ieSl*(h)

A(b) A —1 —1 ~

Toep — T2ep = 1 Z 7, i,
ies;®

where (1&,-, (]3d,,~) are the estimated versions of ({/;, ¢;) from O
(d=1,2).

We estimate I', V and v, by (16)-(18) based on the above
bootstrap replicates, and var(7) by (7), thatis, v = ¥, S ke o

Theorem 6. Under certain regularity conditions, (I, V, ,, ) are
consistent for {I', V, var(7), var(7)}.

For RAL estimators, we can also use the classical nonpara-
metric bootstrap based on resampling the IID observations
(I, A, X3, U, Y)) i € &1} and repeating the analysis as
for the original data. The above bootstrap procedure based
on resampling the linear forms are particularly useful for the
matching estimator.

7.4. Connection With Missing Data

As a final remark, we express the proposed estimator in a linear
form that has appeared in the missing data literature.

Proposition 2. Under certain regularity conditions and Assump-
tion 6, T has an asymptotic linear form

_ I; I;
m/* (¢ —1)=n] ' Z {_lllfi - (—’ - 1) FV_1¢1‘}
T 4]

iGS]



1552 (&) S.YANGAND P.DING

+ op(1), (29)

where v; is ¥ (A;, X;, U;, Y;) for RAL estimators and pqt; for
the matching estimator, and a similar definition applies to ¢;.
Under Assumption 1, 7; = p.

Expression (29) is within a class of estimators in the missing
data literature with the form

ni/z(f —7)= nl_l/2

I; I;
> {—’s(Ai,Xi, U Yi) — (—’ - 1) K (Aiy Xi, Yi)} +op(D),
i€eS; i i

(30)

where 1 = EI | AXUY), s(A,X,U,Y) satisfies
E{s(A,X,U,Y)} = 0, and s(A,X,U,Y) and «(A,X,Y) are
square integrable. Given s(A,X, U, Y), the optimal choice of
K(A,X,Y) is kopt(A, X, Y) = E{s(A,X,U,Y) | A, X, Y}, which
minimizes the asymptotic variance of (30) (Robins, Rotnitzky,
and Zhao 1994; Wang et al. 2009). However, kqpt(A4,X,Y)
requires a correct specification of the missing data model
f(U | AX,Y). In our approach, instead of specifying the
missing data model, we specify the error-prone estimators
and utilize an estimator that is consistent for zero to improve
the efficiency of the initial estimator. This is more attractive
and closer to empirical practice than calculating «opt(A, X, Y),
because practitioners only need to apply their favorite estimators
to the main and validation data using existing software. See also
Chen and Chen (2000) for a similar discussion in the regression
context under Assumption 1.

8. Discussion

Depending on the roles in statistical inference, there are two
types of big data: one with large-sample sizes and the other with
richer covariates. In our discussion, the main observational data
have a larger sample size, and the validation observational data
have more covariates. Although some counterexamples exist
(Pearl 2009, 2010; Ding and Miratrix 2015; Ding, Vanderweele,
and Robins 2017), it is more reliable to draw causal inference
from the validation data. The proposed strategy is applicable
even the number of covariates is high in the validation data.
In this case, we can consider 7, to be the double machine
learning estimators (Chernozhukov et al. 2018) that use flex-
ible machine learning methods for estimating regression and
propensity score functions while retain the property in (4). Our
framework allows for more efficient estimators of the causal
effects by further combining information in the main data, with-
out imposing any parametric models for the partially observed
covariates. Coupled with the bootstrap, our estimators require
only software implementations of standard estimators, and thus
are attractive for practitioners who want to combine multiple
observational data sources.

The key insight is to leverage an estimator of zero to improve
the efficiency of the initial estimator. If a certain feature is
transportable across datasets (Bareinboim and Pearl 2016), we
can construct a consistent estimator of zero. We have shown
that if the validation data are simple random samples from the

main data, the distribution of (A, X, Y) is transportable from the
validation data to the main data. We then construct a consistent
estimator of zero by taking the difference of the estimators
based on (A, X,Y) from the two datasets. In the presence of
heterogeneity between two data sources, the transportability of
the whole distribution of (4, X, Y) can be stringent. However, if
we are willing to assume the conditional distribution of Y given
(A, X) is transportable, we can then take the error prone estima-
tors to be the regression coefficients of Y on (4, X) from the two
datasets. As suggested by one of the reviewers, if the subgroups
of two samples are comparable, we can construct the error prone
estimators based on the subgroups. Similarly, this construction
of error prone estimators can adapt to different transportability
assumptions based on the subject matter knowledge.

In the worst case, the heterogeneity is intrinsic between the
two samples, and we cannot construct two error prone esti-
mators with the same probability limit. We can still conduct
a sensitivity analysis combining two data. Instead of (4), we

assume
v, TIT
) (2 7))

o
(31)

where § is the sensitivity parameter, quantifying the system-
atic difference between 7, ¢p and 7yp. The adjusted estimator
becomes 7,4j(8) = 75 — fry-1 (Ta,ep — T1ep — 8). With different
values of §, the estimator 7,4j(6) can provide valuable insight
on the impact of the heterogeneity of the two data, allowing an
investigator to assess the extent to which the heterogeneity may
alter causal inferences.

‘Ez — T
T2,ep — Tlep — )
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S1 Proof of Remark 1

For simplicity, we show the result in Remark 1 for RAL estimators in Section 3.3. Suppose that
we construct 71 o, and 7, o, based on different subsets subsets of O; and O,, respectively, and
that 75 o, — T1,¢p 1S consistent for zero. We express

Y (Frep — Frep) =y 12 Z V0(Aj, X5, Y5) + Z Yid(Ai, X3, Y) oo (SD)
jGSZ ieSl\SQ

for a vector of constants v = {7;: ¢ € S1}. Because we require that 7 o, — 72¢p 1S consistent
for zero, we have that ) . s, Vi = 0. For example, if we compute error-prone estimators 71 e,
and 72, based on O; and O, , respectively, then this choice corresponds to v; = nq/n; for
Jj € Soand y; = ng/ny — 1 for i € §1\Ss; if we compute error-prone estimators 7y ¢, and 7o e,
based on O;\ O, and O,, respectively, then this choice corresponds to v, = 1 for j € S, and
Yi = ng/(nl — 7’L2) fori € 81\82.

We now show that our choice achieves the largest variance reduction I'"V =T for 7, over all
v satisfying ) ;. v = 0.

Considering (8) and (S1), we calculate I'"V T as

2
(ngl ZjESQ 7])

I 2
) Ziesl i

phm X Vw|¢,

where Vi = cov{)(A, X, U, Y ), ¢(A, X,Y )} "var{p(A, X, Y )} Tcov{v(A, X, U, Y),¢(A, X, Y)}.
2
Therefore, to maximize I’V 1T, it suffices to maximize (Z e fyj) /(> ses, Vi), subject to



the constraint ) ;s 7; = 0. Using the Lagrange multiplier technique, we maximize the objec-

tive function )
<Z_] €Sa ny )

f ) ="=—="-22)_u
Zi631 ’7742 16281

We take partial derivatives of f (v, A) with respect to v and A, and consider the system of equa-
tions

2
8f(’}/, /\) _ 2 (ZjGSZ 7]) (Ziesl 712) - 273 <Zj€32 73) 9N =0 (j c 82), (S2)

0, (Xics, 72 )2
2 (Z g )2
—_ ryz . a ;
of (A _ 52 0] 9N =0 (i€ 8$\S), (53)
87@ (Zieéﬁ ,77?)

and ). v = 0. The above system of equations suggests that the optimal choice 7* satisfies
that 77 = cj fori € §)\Sz, 7] = ¢ fori € Sy, and (n1 — na)c] + nac; = 0 or ¢f/cy =
—ngy/(ny — ny). This implies that the largest variance reduction is

(nz ZjESQ 7])

—1 *2
) Ziesl i

*2
Co

nyt {(ny — ng)e? + nycy?}

As shown in Theorem 1, our choice achieves the largest variance reduction.

S2 Proof of Remark 2

For a smooth function f(x,y, 2), let df(z,y,z)/0x, Of(z,y,2)/0y and Of (z,y, z)/0z be its
partial derivatives. By the Taylor expansion, we have

7: = f(%277:1,ep77:2,ep>

= f(Ta Teps Tep) + _<7—7 Tep» 7-ep>(7t2 - T)

ox
of

. of .
+3_yT(T7 Tep; 7'ep)(Tl,ep - Tep) + @(77 Tep; Tep>(7'2,ep - 7'ep)

= lo + 117:2 + lgf—l,ep + lgf'g’ep, (S4)
where
af(T7 Te 77—6 ) af(TJ Te 77-6 ) af<7—7 Te 77—6 )

ly = f(T, Tep Tep) - axp BT — ay}; L + azf L Tep)

l — af(T7 Tep7 Tep) l — af(T7 Tep7 Tep) l — af<7—7 Tep) Tep)

1 o ; 2 8y ) 3 Oz .
Because 7 is consistent for 7, letting 1o go to infinity in (S4), we have 7 = o+ [, 7 + 15 7ep + 15 Tep
for all 7 and 7.,. Then, it follows [y = 0, l; = 1, and [, = —I3. Therefore, 7 = T —13 (T2.ep—T1,ep)-

2



By the joint normality of (7,71 ep, 7T2,ep). the optimal /3 minimizing var {7 — 3 (T2.ep — T1ep) }
is IV~ Therefore, the proposed estimator in (5) is optimal among the class of consistent
estimators that is a smooth function of (7, 7 ep, T2.ep)-

S3 Proof of Remark 3

We can view v, — I'"VIT" and I'TV;;'T'; as the conditional variances in a multivariate normal
vector. Then the conclusion holds immediately because conditioning on more variables will
decrease the variance for a multivariate normal vector. For algebraic completeness, we give a
formal proof below.

Decompose the L-dimensional error-prone estimator 74, into two components with L, and
L, dimensions respectively. Then, I' and V' have the corresponding partitions:

Fl ‘/11 ‘/12
I'= , V= )
(1) v=(0 i)
We assume V is invertable, and therefore /17 and V5, are also invertable. To show that increasing

the dimension of the error-prone estimator would not decrease the efficiency gain, according to
(6), it suffices to show that I*V~!T" > I'TV;'T";. Toward this end, note that

vl Vit + Vi Vg (Vg — Y1T2VHIV12)71‘1/1T2V1§1 Vi Via(Vay — szvﬁlvlz)*l
—(Vap = V5V Vi) T ViRV (Voo — V5V Vi)™ ’

so that
D'VEIT =TIV T+ DTV Ve (Vas — VipVig ' Vi) T Vi Vi
TV Via(Vay = Vi Vi Vig) 7Ty
—T5(Vas — ViVip 'Vao) ViR Vi ' T
+T5 (Voo — ViViy ' Vi2) ™' (S5)
Let = (Voo — V5V Vio) TV2VEV ' T and § = (Vay — V{5V, Vi) ~/2Ty. Then, (S5) becomes

D'V AT =TTV T + 070 — 076 — 670 + 670 =TTV ' Ty + (0 —6)"(0 — 6) > TTV'T1.

S4 Proof for Theorem 1
The asymptotic normality holds for né/ 2(%2 — T,Ta.ep — T1,ep) Dy the moment conditions for the
RAL estimators and the central limit theorem. We then show the asymptotic variance formula in
.

Based on the linear form in (8), vo = var {¢)(A, X, U,Y")}. Based on the linear form in (9),

ny* (Foep — Frep) =y 2 Y (A1 X5, ) = p 20y YT G(AL XL YD) (S6)

JES2 1€S



The first term in (S6) contributes var{¢(A, X, Y")}, the second term contributes pvar{¢(A4, X,Y)},
and their correlation contributes —2p'/2p'/?var{¢(A, X,Y)}. Therefore,

Vo= var{¢(A, X,Y)} + pvar{p(A, X, Y)} — 2p"2p 2var{p(A, X, Y)}
(1 —p) x var{p(A, X, Y)}.

To obtain the expression for I', we re-write

1y (Faep = Frep) =y 2N (1= p)d(Ay, X5, Y5) = png 2D $(AiL X5, V7).
JES2 1€81\S2

Because observations in S, and S;\ S are independent, simple calculations give

I'=(1-p)cov{v(A, X, UY), (A X,Y)}.

S5 Influence functions for RAL estimators based on the vali-
dation data

We review the influence functions for 7., 2 and 7ipw 2 based on the validation data.

Lemma S1 (Regression imputation) Under Assumption 4, Tyeq 2 has the influence function

Vreg(Aj, X5, U, Y5) = (X5, Uy; BY) — po( X5, Uy; By) — 7
tolok olo
gl P L g
{ 265 265

Lemma S2 (Inverse probability weighting) Under Assumption 5, Tipw 2 has the influence func-
tion

-1
)} Sl(AjanaUJ'vY};ﬂik)

-1
)} So(Ay, X, Uy, Vi B).

AjY; (1-A)Y;

A X U, Y, = - — 7 — HpwEX tS(A:, X U:: o
wIPW( YRRV ERE ]) €(X],UJ,OZ*) 1—€(XJ,UJ,Oé*) T IPW ~qq ( EEAVE jua)u
where

o g AY B (1-A)Y de(X,U; o)
1w e(X,U;a)? {1 —e(X,U;a%)}? da ‘

Lunceford and Davidian (2004) derive Lemmas S1 and S2.



S6 Proof of Lemma 1

We write Taipw 2 = 7A'AIPW72((3[7 307 Bl) to emphasize its dependence on the parameter estimates
(&, Bo, 1) By the Taylor expansion,

Tarpw 2(&, Bo, 1)
Tarew 2(a”, B3, BT) + E{

OTatPwW 2(04*; 587 /Bik)
‘B { ,
9By
Tarpw 2(@, B3, B7)

A * Q% Q% ook -1
+n2—1 Z E {aTAIPWQa(sT?/BO?/BI) } E {85(A7a)(i;U7a )} S(AJ,XJ7UJ704*) (S7)

12

oot

a%AIPW,Q(a*a BE]kJ 6;) } (d - Oé*)

af_AIPW,Q(O‘*a 587 ﬂf)

9By

b5+ £ b - )

12

JES2

_ 87A—AH:’VV 2(05*, 5*7 5*) 8‘510(147 X’ U7 Y7 5*) -
1 ) 0> M1 0 et
—n; ;E{ T E o So(Aj, X;,U;, Y55 83)

_ Otarpwa(a, B, BY) dSo(A, X, U, Y; ) .
_n21 Z E{ AIPWQ@/BT 0 1 E 0 aﬁlT 0 Sl(AJ,XJ,U],Y],Bl)

JES2
We have the following calculations:

E { 87A'AIPW,2(CY*7 BS? ﬁik) }

oa’”
Ofarrwa(a”, 85, B1) | _ 1-A Ao (X5 B3)
pommge i = el e

OTarpw 2(a*, B3, B7) _ _ A O (X, U 57)
E{ RER }_ EHl e(X,U;a*>} OBt }

Under Assumption 4, Hpw = 0. Under Assumption 5,

= HAIPW7

E{@S(A,X,U;Oz*)

_ ¥ \®21
e }_E{S(A,X,U,a) } =Zaa

Therefore, we can always replace F {0S(A, X,U;a*)/0a™} by X, in expression (S7) if either
Assumption 4 or 5 holds. Thus, we can derive the influence function for the AIPW estimator.

S7 Lemmas for error-prone estimators

The error-prone estimators can be viewed as the initial estimators in Examples 3-5 with U being
null. The following results are similar to Lemmas S1-1 with a subtle difference that neither the
propensity score or the outcome model is correctly specified. For completeness, we establish the
results for the error-prone estimators.



Let 11,(X;7,) be a working model for 1, (X), for a = 0, 1, and e(X; ) be a working model
for e(X). Let S,(A, X,Y’;7n,) be the estimating function for 7,, e.g.,

Opa( X5 1a)
Sa(A, X, Yn,) = ———
( Na) o

fora =0, 1. Let S(A, X; ) be the estimating function for v, e.g.,
A—e(X;y)  0Oe(X;n)
e(XsyH{l—e(X57)} Oy

S E{@S(A,X,7 )}7
oy*
which does not necessarily equal to the Fisher information matrix for a misspecified propensity
score model. Let 7, (a = 0,1) and 4, be the estimators solving the corresponding estimating
equations based on Sy, and let n* (a = 0,1) and v* satisfy E{S,(A, X,Y;n:)} =0 (a =0,1)
and E{S(A, X;7*)} = 0. Under suitable regularity conditions, 74, (¢ = 0,1) and 7, have
probability limits 7 (a = 0, 1) and 7*.

{Y - :ua(X; na)}>

S(A, X;7) =

We further define

Lemma S3 (Regression imputation) The error-prone regression imputation estimator for T is
Treg.diep = n;1 > ics, Tregdep,j; Where
7A—reg,cl,ep,j - MI(X]7 ﬁd,1> — Ho (XJ7 ﬁd,O)-
It has probability limit T, = E {p1(X;n7) — po(X;n8)} and influence function
Preg(Aj X5, Y;) = pa(XGm1) — po(X5375) — Tep
_plomXim) | o [051(4, X, Yni)
oy oy
L [OXsm5) | o f 950(A, X, Yng)
Iy I
Lemma S4 (Inverse probability weighting) The error-prone IPW estimator for T is Tipw d.ep =
ny! ZjeSd TIPW d.ep,j, Where

~1
} Sl(Aj’vayj;"ﬁ)

-1
} SO<Aj>Xja}/};77>0k)'

AP don s = Ay,  (1-4)Y; ‘
ST e( X Aa) 1 — e(Xj39a)

It has probability limit

e p s - )

and influence function

drew (A, X5, Y)) = {e(féyé*) - 1@ ;(;4(??*) - Tep} — HipwS ) S(A), X537),
where
o — E({ Ay  (1-4)Y ] 86(X;7*)>'
e(X;y)? {l—e(X;y)?]  O"

6



Lemma S5 (Augmented inverse probability weighting) Define the residual outcome as Rd, =
Y; — pu1(X;;Ma1) for treated units and Ry ; = Y; — po(X;;Mao) for control units, for d = 1,2.
The error-prone AIPW estimator for T is TApw d.ep = n;l > ieSy TAIPW, d,ep,j, Where

(1— A;)Ra;

———= — po(X;;Ma0)- S8

TATPW, d,ep,j = o + p11( X3 a1) —

It has probability limit

Tep = E [% + {1 — ﬁ}m(&ni) - % B {1 - %}MO(X;%)]

and influence function
Parpw (4, X;,Y;)

AY; { A }
= I _4+4d1-—2— Xt
e(X;7") i) J 1)

J

o 0= 4 - - L= 4 T ] -1 Xt
1 —e(X;;7%) s e(Xj:7%) #o(Xj370) — Tep + Harpw 25, (A5, X5:77)

1-A Opo(X515) 0So(A, X, Y;n5) -1 .
A O (X m7) 051(A, X, Y;n7) -1

—E1q1- FE A X, Yon?

[{ e(X;V*)} aT]iF 877"11“ Sl( I} ]7771)7 (Sg)
where
7 _ g ([AY —m (XD} (= Y — po(Xip)} ] Oe(X5y7)

The results in Lemmas S3 and S4 can be obtained by the Taylor expansion. The proof for
Lemma S5 is similar to that for Lemma 1 and therefore omitted.

S8 Assumptions for the matching estimator

We review the assumptions for the matching estimators, which can also be found in Abadie and
Imbens (2006).

Assumption S1 (Population distributions) (i) (X, U) is continuously distributed on a compact
and convex support. The density of (X, U) is bounded and bounded away from zero on its support.
(ii) For a = 0,1, p,(x,u) and o>(x,u) are Lipschitz, o2(z,u) is bounded away from zero,
and E(Y*| A = a, X = x,U = u) is bounded uniformly over its support.
(iii) for a = 0,1, u,(z) and o*(z) are Lipschitz, o2(x) is bounded away from zero, and

E(Y*| A= a, X = x) is bounded uniformly over its support.



Assumption S1 (i) can be relaxed by allowing (X, U) to have discrete components. We only
need to obtain results on each level of discrete covariates and derive the same result. Assumption
S1 (ii) requires the conditional mean and variance functions to be bounded and satisfy certain
smoothness conditions, which are rather mild. In fact, Assumption S1 (i1) implies Assumption
S1 (iii). To be more transparent, we state Assumption S1 (ii1) explicitly.

Assumption S2 (Estimators of mean functions) Fora = 0, 1, the estimators fi,(x,u) and ji,(x)
—1/2+1/dim(a:,u)} .
2

’

satisfy the following asymptotic conditions: (i) |jio(z,u) — pa(x,u)| = op {n

and (ii) | fia(2) — pa(z)| = 0p {ng1/2+1/dim(m)}.

If i, (x, u) and fi, () are obtained under correctly specified parametric models, then Assump-
tion S2 holds. If fi,(x,u) and fi,(x) are obtained using nonparametric methods, such as power
series regression (Newey; 1997) or kernel regression (Fan and Gijbels; 1996) estimators, we need
to select their tuning parameters properly to ensure Assumption S2. Assumption S2 is needed so
that the bias correction terms achieve fast convergence; e.g., né/ 2(Bg — Bj) — 0 in probability,
as ng — 00.

S9 Proof of Theorem 2

First, we express

né/Z (7A—mat,2 - T)

= n;1/2 Z ZZJmat,j +op(1)
JES2
= ny" Z {1 (X5, U5) = po(X;,Uj) = 7}
JES2
+n2_1/2 Z(2AJ —1) {1 4 M’IKQ,(X,U),]'} {yj — MAj(ij Uj)} + op(1).
JES2

Second, let

T" = ngl/QZ{Ml(XpUj)—M0<Xj>Uj)_T}’

JES2
T = ) (245 — {1+ M Kooy HY) — 14, (X5, U}
JES2

{(X;,U5) -5 € Sa}-

Fxu
We verify that the covariance between T and T is zero:

cov(T*,T°) = E{cov(T",T°| Fxu)} +cov{E(T" | Fxu), E(T°| Fxuv)}
= E(O) 4+ cov {E(T“ ‘ fX,U)a O}
= 0.



Ignoring the op(1) term, the variance of n;/ *(Fmat2 — ) is

var [n;1/2 Z {1 (X;5,U;) — po(X;,U;) — T}]

JES2

ny 2 @A) = D) {1+ M K e } Y5 — 14, (X, U))}

JES2

-+ var

As ny — 00, the first term becomes
vy = var{7(X,U)},

and the second term becomes

. : _ _ 2
v5 = plim [n2 ! Z {1+ MKy x )} aij(Xj, U;)

JES2

Under Assumption S1, K5 (x,17); = Op(1) and E{K5 x 1)} and E{KQQ’(XJ])J.} are uniformly
bounded over ny, (Abadie and Imbens; 2006, Lemma 3). Therefore, a simple algebra yields
v§ = O(1). Combining all results, the asymptotic variance of né/ *(Fmat2 — T) is v5 + v5.

The derivations for I and V' are similar and thus omitted.

S10 Proof of Theorem 3

For the matching estimators, Otsu and Rai (2016) showed that the distribution of 75 — 7o given
the observed data approximates the sampling distribution of 75. In what follows, we prove that
var(7,) is consistent for var(7,), which covers both cases with RAL and matching estimators and
is simpler than Otsu and Rai (2016) for the matching estimators.

Let (M, ..., M,,) be a multinomial random vector with n, draws on ny cells with equal
probabilities. Let W = nQ_I/QMj for j = 1,...,n9, and W* = n;* Zj€52 W;. Then, the
bootstrap weights {W; : j = 1,...,ny} satisty that as ny — oo,

max W — W* 5 0, (S10)
JES2
S-S (S11)
JES2

See, e.g., Mason and Newton (1992). The bootstrap replicate of (72 — 7) can be written as
7= d=ny Y (W= W) 4y (S12)
JES2
For RAL estimators, following (S12), we have 75 — 75 = 17" + 15, where
Tl* = n;1/2 Z (W]* - W*) w<Aj7Xj> Uj7 Y;>7
JES2

TQ* = n;1/2 Z (W; — W*) {&(Ajija ijyvj) - w(AﬁXj?UjaY})} .

JES2



By (S10) and the fact that zE(Aj, X;,U;,Y;) is root-n consistent for ¢(A;, X;, U;,Y;), we have
Ts = op (ny'). By (S11), we have

7A'2* — Ty = Tl* + 0P<1) = n;1/2 Z (W; - W*) w(Aijjv Uja Y;) + OP(l)' (S13)
JES2

For matching estimators, following (S12), we have

A% ~ o 71/2 § : * 7 N
JES2
* * *
Tmat,l + Tmat,2 + Tmat,?)’

where

Trtlat,l = n;1/2 Z (W]* - W*) wmat,ja

Thn = 3 > (W = W) [{in (X5, U;) = fio( X5, Up) = 72} — {pa (X5, Up) = po(X5,Uj) — 73,

Thats = ”2_1/2 Z (W; —W*) (24; = 1) {14+ M 'Ky (x0), } {14, (X5,U5) — ua,(X;,U;) } .

JES2

Under Assumption S1, forany ¢ > 0, {KQC (X.U) j} is uniformly bounded over n, (Abadie and
Imbens; 2006). Together with Assumption S2 and the property of the bootstrap weights that

N ' o —141/di
max;es, |W,; — W*| — 0 in probability, as ny — oo, we have T}, , = op {n2 1/ lm(x’“)} and

T3 = 0P {n; 1/ dim(w}. By (S11), we have

m.

75— = T +0p(1) =0y 2" (W7 = W) thupars + 0p(1). (S14)

JES2

Unifying (S13) and (S14), 7} — 7, = n, /> > es, (Wi = W*)b; + op(1). Let ;) be the
ith order statistic of {¢; : j € S»}. Because £ (w;’) < oo for 0 < v < 4, we have

e - e
|73 1/:2\ < MO 1/\;#( S1N 0,
Ny U2

. R A1
almost surely, as np — 00, leading to max(w+;jes,} |75 — 72 /n2/ 7 — 0, almost surely, as

ng — 00, where the maximum is taken over all possible bootstrap replicates. By Theorem 3.8 of

Shao and Tu (2012),
var(7»)

—1

var(7s) ’

almost surely, as no — 0o. This proves that var(73) is consistent for var(73).
The proofs for the consistency of I' and V' for I' and V' are similar and thus omitted. Therefore,
var(7) is consistent for var(7).

10



S11 Derivation of the optimal sample allocation

The goal is to minimize (20) subject to the constraint (19). By the Lagrange multipliers technique,
it suffices to find the minimizer of

L(n1,n9,\) = ny vy — (ny' —ni )y — AMC —niCp — npCy).

Solving 0L(ny,n9,A)/Ony = 0 and OL(n1,ne, A)/Iny = 0, we have

1/2 1/2
. g — (220
ACq ’ ACYy ’

and therefore, (21) follows.

S12 Proof of Theorem 4

Following the discussion in Section 7.1, we can express

ny (= 1) = PN w (A, X5, UL Y) A+ op(1),
JjEST
(o — Frep) = 70PN (1 = (A, X, V) + op(1).
JES1

Then, the asymptotic normality of {né/ *(7—7), n;/ 2 (T2,ep—T1.ep) } " follows from the multivariate

central limit theorem. The corresponding asymptotic covariance matrix can be obtained by the
following calculation. First, vy is

{p /2 nq 2 Zﬂj_lljw<‘4jan>Uj7Y;)}
JjEST

= pxvar{r 'IY(A, X, U, Y)}
Second, I' is
cov {p ny ;2 Z 77_1] (A, X5, U5, Y5), 1/2711_1/2 Z(Wj_llj 1)o(A4;, X;, YJ)}
JESL JESI
= pxcor{m (A, X, U,Y), (v — 1)8(4, X, Y)}.
Third, V' is

{p1/2n—1/2 Z(ﬂ_j—l]j )Qb(A Xp}/])}

JES1

= pxvar{(m7' —1)é(A4, X, Y)}.

11



S13 Error-prone matching estimators in Section 7.2

Let the error-prone matching estimators be

~(0 7 1
mote = 1A= Vi or 30 Vi)

€81 leJ,x,i
1 .
~(0) - -1 -1
mat,2,ep (Z T, > Z T (ZAJ - 1) Y7 - M Z YE
JES2 JES2 USNLD'R

Let the bias-corrected matching estimators be

- _ ~0) -1/2 ¢ _
Tmat,d,ep = Tmat,dep — 1 Bdﬁp’ (d =1, 2)7

where

R _ 1 . N
Biep=n; 2> 171 (24; 1) i Y {ina, (X)) = fnoa, (X))}

JES2 leJq, x,;

S14 Proof of Theorem 5

First, with the new definition (26), we can express

n;/z (%mat,Q - T)

= g (P = B2 = )
-1
1/2 _ _ _
= n2 (Z ﬂ-] 1) Zﬂ-jl(2Aj - 1){1+M 1K2,(X,U),j}}/} — T
JES2 JES2
—ny ot Y A =) (MY YT (e (X5, U) — e, (X0, U}
JES2 USNERG RN,
= P2 w (X5, Up) — (X, Uy) — 7}
JES2
20 Y w24y = 1) {14+ M R b (Y5 — i, (X5, U3) ) + 0p (1),
JES2

where the third equality follows by some algebra.
Second, let

T = Y (X5, U) = (X5, U5) = 7,
JES2

T° = 0P w24 - D{L+ M Ko e g MY — pa, (X5, U
JES2

Fxuv = {(X;,Uj) 1 j € S}

12



We verify that the covariance between 7 and 71 is zero:
cov(T",T°) = E{cov(T",T°| Fxuv)} +cov{E(T" | Fxu), E(T° | Fxuv)}
= E(O) + cov {E(T‘u | -FX,U), O}
0.

Ignoring the op(1) term, the variance of né/ 2(%mat72 —T)1is

p X var [nl_l/2 Z 71']-_1 {(X5,U;) — po(X;,Uj) — T}]

JES2

+ p X var [mm Dot A = D {1+ MK (o } {YG — 4, (X, U5) )

JES2

As ny — 00, the first term becomes

T ) -y

ﬁ;:pr{

and the second term becomes

e . _ 1—m; _ 2
Uy = p X plim [Th "y - {14+ M Ky (xwy s} 04,(X5,05)
JjEST J

Because ;s are bounded away from zero, under Assumption S1, we have Ky (x,1y; = Op(1),
and E{Ky x,u;} and E{K 227( x,v,;} are uniformly bounded over n, (Abadie and Imbens; 2006,
Lemma 3). Therefore, a simple algebra yields 05 = O(1). Combining all results, the asymptotic
variance of né/ ?(Fmat,2 — ) is 05 + 5.

The derivations for I and V' are similar and thus omitted.

S15 Proof of (23)

We write 75 = To(@, Bo, Bl) and Tapw 2 = Tarpw 2,5 (&, Bo, Bl) to emphasize its dependence on
the parameter estimates (&, Sy, 51).
First, we write

Y ies, T Tarpw.2 (B3, 57)

712(0[*7 637 BT)

1
Zj€32 7Tj

—1 174 ~

om Yies, T Litarew 25 (", 55, BY) _n

= 1 1 ==

1y Zjesl T I T

13



S -1 —-17 -~ I -1 -1 oo
where T1 =n Zjesl 7Tj IjTAIpW,QJ(Oé*,ﬁg,ﬁf) and T2 =n Zj651 7Tj Ij. Then, T1 1S

consistent for 77 = 7, and 75 is consistent for 7, = 1. By the Taylor expansion, we have

A px o ~ 1 Ty
fa(a®, By, B)) — 1 = E+E(T1—T1)—T—22(T2—T2)—T7
= {nfl ZWflfﬁAIPW,Q,j(Oé*»ﬁS,ﬁik) - T} -7 (”1_1 Zﬂ-j_llj - 1)
JES JjESL
= ' Y L {Famw (0, 85, B7) — T
JEST
Second, by the Taylor expansion,
0 = HIIZWJIS(Aj,Xj,Uj;&)
JES2
0S(A;, X;,U;; aF . .
= ”1lzﬂj15(Aj’Xj>Uj;a*)+{nllzﬂjl ( S - )}(a_a>
JES2 JES2
0S(A, X, U; " . .
= nfleIIS(Aj,ijUj;Oé*)ﬂLE{ ( Dot )}(04—04),

JES2
where the last line follows because by Assumption 6, n; "> e T 108 (A, X5, Uj; o) [0
converges to £ {0S(A, X, U; «*)/0a™} in probability. Therefore, we can establish

ey -1

oo’

JES2

Similarly, we can establish

3 a‘S'a A7X7U7Y; ; - — *
Ba—ﬁ;*%nl‘IZE{ ( o8 2 )} 7' Sa(Ay, X5, U5, Y55 82)  (a=0,1). (S16)
JES2 @

Third, by the Taylor expansion and (S15) and (S16), we obtain
722 (d7 307 Bl)

= (o 05,00 + £{ PSP 6 - o
%™, 85,81\ a  os C N R T
+E{ 95T }(ﬁo—ﬁo)JrE{ 57 }(51_51)

12

%Q(Q*aﬁgaﬁf)
A * * * Lok -1
+n;1 ZE{8T2(a 7507&1)}E{83<A7X7 U,Oé )} W;lljS(Aj,Xj,Uj;Od*> (517)

oot oot

JjEST

) Oms(ar, B2, B7) 0So(A, X, UV B\ - :
—nlle 2 9 TO L FE 0 94T 0 7Tj 1IjSO(Aj7Xj7Uj>Y};60)
JjEST 60 BO

) B7s(a*, B2, B7) 081 (A, X, U, Y 65\ _ ]
—nlle{ 2 aﬁlTo VL E ! o5 . T S (A, X5, Uy, Y BY).

JjEST
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Moreover, we have the following calculations:

E{@f‘2(04*75875ik>} = Hapw,
Oa
Onla 5B _ [y 1A ) Ol
E{ 9o }_ EHl 1—e(X,U;04*>} 9o }
afz(a*’ﬁs’ﬁf) B B A 8#1(){’ Uaﬁf)
E{ b }_EHl e(X,U;a*>} 0B }

Under Assumption 5,

E{@S(A,X,U;oz*)

_ LR \®210
G }_E{S(A,X,U,a) } = Zaa

Under Assumption 4, we can still replace F {0S(A, X, U; a*)/0a"} by 3,4, because Harpw =
0 and the term in (S17) is zero. Therefore, combining the above results, we have 75 — 7 =

(6, Bo, B1) — 7 = ni 'S e, T (A, X[, Uy, Y;), where 1h(A, X, U,Y) is given by (11).
The result follows.

S16 Proof of Proposition 2

Based on (23) and (25) for RAL estimators or (27) and (28) for the matching estimators, we have

FT = 7TV Y foep — Tiep)
= nl_l Z 7TZ_1]Z’¢I - FTV_I <n1_1 Z ﬂflllgbl - nl_l Z gzﬁl)
€Sy €St €St
I; I;
~ -l b — [ 2 -1,
~ p; Z {mdh <m 1) vV cél} .
1€S]
S17 Proof of Theorem 6
Let (M, ..., M,,) be a multinomial random vector with n; draws on n; cells with equal prob-

abilities. Let W = nl_l/QMi fori =1,...,n;,and W* = n! > ics, Wi Then, the bootstrap
replicate of (7o — 7) can be written as

=t o= Py (W = W)
€S
nl—l/? Z (VVZ* . W*) ﬂ—i_l]iwiu

€S

I

where the last line follows by a similar argument as in Section S10 for both RAL and matching
estimators.
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Let ; denote ; ' [;1); and l(;) be the ith order statistic of {/; : ¢ € S;}. Because F (lj) < 0
for 0 < v < 4, we have

|75 — 7 Lyl + 1)
}/v =2 }/w — 0,

almost surely, as n; — 00, leading to maxy».ies,} |7A'2*—%|/n}/7 — 0, almost surely, as n; — 00,
where the maximum is taken over all possible bootstrap replicates. By Theorem 3.8 of Shao and
Tu (2012),

var(7s)

— 1,
var(?g)

almost surely, as n; — oc. This proves that Var(7,) is consistent for var(7y).
The proofs for the consistency of ['and V for I and V are similar and thus omitted. Therefore,
var(7) is consistent for var(7).
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